ABSTRACT. We used complex hypervariable repeats to evaluate the genetic diversity and structure of Prochilodus costatus (Characiformes), an ecologically and economically important species endemic to the São Francisco River basin. Hydroelectric dams along the river have led to population fragmentation, which can limit gene flow. Restocking from hatcheries has been used to repopulate declining populations. To determine how fragmentation and hatchery supplementation affect P. costatus population structure, we studied populations from three sites up and downstream of the Gafanhoto ing that populations from the three sites were affected by fragmentation of the river and by hatchery contributions. These results will be useful for developing a management and conservation plan for fish species in this area.
INTRODUCTION
Prochilodus species are among the most conspicuous, abundant, and widely distributed freshwater fishes in South American rivers. These species are important for commercial and subsistence freshwater fishing in many parts of the continent; in some regions, they constitute 50-90% of the total fish biomass (Welcomme, 1979; Bowen, 1983; Bonetto, 1986; Sivasundar et al., 2000) . During the high rainy season, most of these fishes migrate long distances upstream to spawning areas close to the headwaters. They spawn all eggs at once in the open waters of the main river channel, and larvae drift passively toward flooded areas (Agostinho et al., 1993) . In Brazil, the São Francisco River Basin is the habitat of 152 fish species, including the highly abundant and ecologically and economically important Prochilodus costatus (Valenciennes, 1850) that is known locally as curimbatá-pioa (Sato and Godinho, 2003) . This long-distance migratory species plays an important ecological role by cycling organic material and an important economic role in artisanal and commercial fishing communities (Flecker, 1996; De Camargo and Petrere Jr, 2001) . As a result, P. costatus should be the focus of reproductive management and conservation programs in this region.
Over the past century, increasing demands for electric power have led to dam and reservoir construction along many South American rivers. The construction disrupts the natural river ecosystems (Petrere Jr., 1996) . For migratory fish species, dam and reservoir construction can change population genetics by splitting populations and isolating previously connected populations. This change in gene flow can reduce the fitness of the population and increase its risk of extinction (Neraas and Spruell, 2001; Frankham et al., 2004; Reid et al., 2008) . Two hydroelectric dams (Gafanhoto and Cajuru) have been built on the Pará River, one of São Francisco River's most important tributaries, since the 1940s ( Figure  1 ). Since 1983, P. costatus restocking programs have aimed to reduce the environmental impacts of the dams on the Pará River.
Molecular markers are powerful tools used to study genetic diversity and population differentiation (Avise et al., 1987) . Microsatellites or short tandem repeats (STRs) are commonly used molecular markers in population studies (Zane et al., 2002; Yazbeck and Kalapothakis, 2007; Barbosa et al., 2008; Paiva and Kalapothakis, 2008; Hsu et al., 2011) . STRs are often divided into several categories on the basis of the repeat pattern. Complex hypervariable repeats are highly polymorphic in natural populations and have many alleles that differ with respect to both length and sequence. These hypervariable markers can be used alone in population studies (Urquhart et al., 1993; Gill et al., 1994; Reid et al., 2003; Butler et al., 2009 ).
To characterize the standing genetic variation and population structure of P. costatus in 3 sites on the Pará River, we investigated genetic differentiation by using complex hyper- variable repeats. The data can be used as a baseline in future studies to investigate how the restocking program affects the composition, structure, and life cycle of local fish species. In addition, these data can contribute to the development of conservation management programs for these fish.
MATERIAL AND METHODS

Sample collection
We collected 45 adult P. costatus from the Pará River (Minas Gerais, Brazil) between October 2006 and February 2007. The specimens were collected from 3 distinct sites ( Figure  1 ; 
DNA extraction, amplification, and analysis of the 2V35 locus
The complex hypervariable repeat 2V35 was isolated from a primary genomic library for P. lineatus; the library was constructed using genomic DNA extracted from muscle tissue (Yazbeck and Kalapothakis, 2007) by using the proteinase K-phenol-chloroform method (Sambrook and Russell, 2001) .
Genomic DNA was isolated from each sample by digestion with proteinase K at 37°C overnight, followed by standard phenol/chloroform extraction (Sambrook and Russell, 2001) . The complex hypervariable repeat 2V35 was amplified in all 45 specimens by using nested polymerase chain reaction (PCR) with the following primers: F1 5'-TAATGATTCTCTTTGC TTGTGTC-3', R1 5'-GCAGACCCCTCAGCAC-3', F2 5'-TCTTTGCTTGTGTCTTG-3', and R2 5'-AAGGCCTGAAATACAGTGCA-3'. Each nested PCR was performed using a total volume of 25 µL that contained 20-50 ng genomic DNA (first round) or 0.5 ng PCR product (second round), 5 pM of each primer (F1/R1 first round or F2/R2 second round), and a pre-mix containing PCR buffer, dNTPs, and Taq DNA polymerase (Phoneutria Biotecnologia e Serviços, Belo Horizonte, Brazil). The first round had the following cycling conditions: an initial denaturation at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 30 s, primer annealing at 54°C for 30 s, and extension at 72°C for 40 s, with a final extension step at 72°C for 5 min. The second PCR round had similar cycling conditions, except that the annealing temperature was 51°C. PCR products (8 µL) were visualized on a 2% agarose gel and selected for direct sequencing. The PCR products were sequenced bi-directionally by using primers F2 and R2 and the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Inc., Foster City, California, USA), following the manufacturer protocol, on an ABI 3130 Genetic Analyzer.
Statistical analysis
Genetic variation at the intra-population level in indices such as gene diversity; nucleotide diversity; number of observed transitions, transversions, and indels; and the number of haplotypes shared among populations was measured using Arlequin 3.5.1 (Excoffier and Lischer, 2010) .
The genetic structure of the population was assessed using hierarchical analyses of molecular variance (AMOVA; Excoffier et al., 1992) , which was conducted by imposing 3 different clusters and 1 population group. The source of variation was calculated with respect to partitioning the molecular variance among populations and within populations. Population differentiation was analyzed using Wright's F ST (Wright, 1951) .
Isolation by distance
Isolation by distance was evaluated by testing the correlation between the genetic and geographic distance matrices with a Mantel test (Mantel, 1967) , and 1000 permutations and logarithmic transformations of both distance measures were used in the Alleles in Space program (Miller, 2005) .
Phylogenetic analysis
Phylogenetic analyses were conducted using MEGA version 4 (Tamura et al., 2007) . The phylogenetic tree was built using a neighbor-joining algorithm (Saitou and Nei, 1987) with the p-distance method (Nei and Kumar, 2000) and by assuming uniform evolutionary rates. The confidence of the resulting topology was estimated by bootstrapping (10,000 replicates).
RESULTS
Diversity indices
The complex hypervariable repeat 2V35 amplified approximately 461 bp in all 45 specimens, and 25-44 substitutions and 5-20 indels were observed, which resulted in 25 unique P. costatus haplotypes (Table 2) . Most haplotypes were found only at a single site, and few haplotypes were shared. Site III shared Hap 1 and Hap 10 with site I and Hap 16 and Hap 19 with site II.
Transitions, transversions, and indels in 2V35 and overall diversity indices are given in Table 3 for the species. Genetic diversity was highest (0.9264) at site I in the Pará River population (site I), followed by site III upstream of the Cajurú Dam (0.8874), and lowest at site II between the Gafanhoto and Cajuru Dams (0.8736). 
. 
Population differentiation and structure
This species showed significant population differentiation at 2V35. The P. costatus populations had a mean F ST of 0.16727. The AMOVA results showed that 83.27% of the genetic variation (P < 0.05) resided within populations (Table 4) . Pairwise F ST values ranged from 0.090 to 0.230 and were significant in all comparisons (P < 0.05) ( The diversity indices includes mutations by transitions, transversions and insertion/deletion polymorphisms (indels); number of haplotypes for sampling localities (h); gene diversity (H); nucleotide diversity (π). Sample sizes = 15. 
Isolation by distance
Significant isolation by distance was observed for P. costatus populations (Figure 2 ; r = 0.196; P < 0.001).
Phylogenetic analysis
Phylogenetic reconstruction of 2V35 sequences from P. costatus revealed 3 strongly supported clusters that were supported by bootstrap values higher than 80% (Figure 3) . 
DISCUSSION
We characterized the genetic diversity and population structure for P. costatus, an important endemic fish species of the São Francisco Basin in the Pará River. The molecular marker 2V35 was highly variable across populations, with 25 unique haplotypes from 3 sites in the river. 2V35 had no sequence similarity to known proteins (BLASTX data not shown), and its high level of polymorphism suggested that 2V35 is a non-coding, neutrally evolving nuclear marker (Urquhart et al., 1993; Schlötterer, 2000; Zane et al., 2002; Ellegren, 2004; Chenuil, 2006) .
Fragmentation of freshwater fish populations by dams may reduce gene flow between populations, leading to lower genetic diversity within populations and significant genetic differentiation among fish populations (Jager et al., 2001; Neraas and Spruell, 2001 ). Alternatively, no differences may be found between the genetic diversity of above-and below-dam populations (Neraas and Spruell, 2001; Denier et al., 2007) . In the present study, P. costatus showed high levels of genetic diversity within and between populations.
The differences in genetic diversity among Pará River P. costatus populations could be the result of the absence of migration caused by the dams, the restocking of hatcheries for over 20 years, and the length of the river fragment. These factors could act independently or together in shaping the population structure of P. costatus. The limited number of 2V35 haplotypes shared between populations and the significant isolation by distance suggest that there has been little to no gene flow across the 2 dams for more than 6 decades (Santos and Sato, 2012 personal communication). Hatchery programs are widely used to restore declining natural populations. In Brazil, such programs have been in place since the 1970s to restore fish populations and maintain or increase fishery production (Madeira et al., 2005; Agostinho et al., 2007; Araki et al., 2007; Fraser, 2008) . Captive breeding programs that use local wild fish as broodstock are expected to produce hatchery fish with minimal differences in fitness from wild fish (Araki et al., 2007) . The highly significant genetic differentiation between populations suggests that the Hydrobiology and Pisciculture Station of Três Marias from the Development Company of São Francisco and Parnaíba River has successfully implemented this local approach to generate broodstock. In the captive breeding programs, distinct groups of hatchery fishes are released separately in the 3 sites (Santos and Sato, 2012 personal communication) .
The genetic structure of populations in fragmented rivers may change faster than that of populations that inhabit uninterrupted rivers (Reid et al., 2008) . In the present study, sites II and III are, in short, river fragments and probably significantly affected by fragmentation. As migratory fishes, P. costatus populations at these 2 sites cannot reproduce because of the reduced fragment-size and absence of natural conditions for recruitment, such as spawning areas and floods.
Among the 3 sampling sites, site I was least affected by dams, hatcheries, and river fragmentation. The hatchery fishes from site I were in contact with wild populations from downstream of the Gafanhoto dam, and there were natural conditions for recruitment (Santos and Sato, 2012 personal communication) . By contrast, site II was in a short river-fragment with barriers to gene flow at both ends and a small population-size. Compared to sites I and II, site III was of intermediate length and had an intermediate population-size. The observed genetic diversity and structure of the populations at sites II and III was dependent on the genetics of the hatchery fish.
Variation at the complex hypervariable repeat 2V35 revealed the genetic diversity and structure of P. costatus populations. Limited gene-flow along the Pará River caused by multiple hydroelectric dams has resulted in large contributions of genetic diversity in the local population from hatchery stocks. Continued monitoring of this species and the hatchery supplementation activity will be important to ensure the maintenance of genetic diversity in fish populations across the São Francisco Basin in the Pará River.
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